I is still demanding. Wetting fronts in soils and other permeable media frequently move faster than expected from standard models for fl ow and transport that are based on Richards' (1931) diff usion-type equation and on the convection-dispersion equation. Gerke (2006) , among others, summarized the limits of these approaches. Similarly, while applying the Richards-based HYDRUS-2D model to infi ltration into the 2-m-deep sand tank of al Hagrey et al. (1999) , Schmalz et al. (2003, p. 13) concluded that "none of the simulation approaches studied reproduced both the measured water balance and the observed fl ow behaviour exactly." In contrast, Germann and al Hagrey (2008) successfully approached the same type of data with a WCW approach by assuming a continuous and dynamic equilibrium between gravity as the driving force and viscous momentum dissipation as its opponent. Kutilek and Germann (2009) assessed the transition from viscous fl ow (i.e., the realm of preferential fl ow) to capillaritydominated fl ow (i.e., the realm of Richards-type fl ow) from either domain. Accordingly, the transition was characterized by a broad range of the pertinent parameters rather than an exact value. Likewise, Hincapié and Germann (2009b) treated infi ltration into a column of an undisturbed soil with a WCW approach. None of these researchers assigned a specifi c pore size to the two domains. Coppola et al. (2009, p. 1) , however, freely interpreted Kutilek and Germann (2009) and Hincapié and Germann (2009b) in terms of "preferential fl ow in real macropores (or non-capillary pores), and preferential fl ow in interpedal (inter-aggregate) pores." From the WCW approach, Hincapié and Germann (2009a) deduced the thicknesses of fl owing water fi lms between 6 and 120 μm. Th e submillimeter range indicates that capillary forces were active during viscous fl ow. Relaxation of the arbitrary separation between classes of pores and presumed related fl ow processes presumed by Coppola et al. (2009) may be required before novel approaches to infi ltration can evolve. In addition, emphasizing convection more strongly may eventually help to overcome such presumptions. For instance, Selker et al. (1992) , in the quest to cope with the rather fast wetting front velocities at the tips of infi ltrating fi ngers, added a kinematic component to the Richards (1931) equation, whereas Di Pietro et al. (2003) added a diff usion term to the kinematic-wave approach to infi ltration. Th e convergence of these approaches indicates that a combination of kinematic and diff usive terms, similar to the MACRO model of Jarvis (1994) , may improve our understand- O R Heterogeneous we ng pa erns in me and space o en obscure the applicability of approaches to fl ow in permeable media. Neutron radiography allows recording of 2-d water content distribu ons with high enough temporal and spa al resolu ons to assess the suitability of advancing water-content waves (WCWs). A WCW comprises a gravity-driven and viscosity-controlled mobile water volume due to infi ltra on. Infi ltra on experiments were performed in various boxes that contained unsaturated sands of fi ne, medium, or coarse texture. The boxes were 400 mm deep, 200 mm wide, and either 5 or 10 mm thick and were sprinkler irrigated. The 2-d evolu on of volumetric water content θ(x,z,t) was monitored every 25 s with neutron radiography. The WCW approach applied to extremely thin horizontal layers that were just one pixel deep, i.e., 0.272 mm, and best matched the data for infi ltra on into pre-wet, medium-sized sand. The WCW approach is linear but discon nuous, and it does not require a representa ve elementary volume that is deeper than one pixel. Thus, the WCW approach applies directly to fl ow at the sand-grain scale.
ing of infi ltration when focusing more intensely on velocities of wetting and tracer fronts. Constant wetting front velocities indicate dynamic force balance during infi ltration. For example, Selker et al. (1992) observed constant wetting front velocities during fi nger fl ow in a sand tank model, while Rimon et al. (2007) found rain-induced, near-constant, wetting front velocities on the order of 0.003 mm s −1 throughout a depth range of 21 m in an unconsolidated and unsaturated sand dune in Israel. Floods induced near-constant wetting front velocities of about 0.06 mm s −1 in an alluvial sand in the bed of an ephemeral river in Namibia (Ofer et al., 2008) , while Ochoa et al. (2009) reported constant wetting front velocities from 0.03 to 0.13 mm s −1 in alluvial sand throughout a depth range of 3 m in New Mexico.
Constant wetting front velocities are a typical feature of WCWs. Th ey frequently approach the time series of water contents at particular depths that are due to infi ltration and that are measured, for instance, with horizontally installed time domain refl ectometry probes (Germann and al Hagrey, 2008) . Th e approach is linear but discontinuous, it does not require a representative elementary volume, and joining waves can be superimposed in time and space. In principle, these properties favor the WCW approach as a scaling tool, and the approach applies to laminar fl ow as long as the water's kinematic viscosity (η = 10 −6 m 2 s −1 ) is defi ned; however, fi nger fl ow (i.e., Selker et al., 1992) , unstable wetting fronts (i.e., Hendrickx and Flury, 2001) , saturation overshoot (i.e., DiCarlo, 2004) , and macropore fl ow indicate heterogeneous wetting patterns that may limit the WCW approach in reality. We investigated the applicability of the WCW approach at the millimeter scale during infi ltrationinduced rapid variations of water contents in sand tank models. At the Paul Scherrer Institute (Villigen, Switzerland), we recorded with neutron radiography the dynamic volumetric water contents in pixels of 0.272 by 0.272 mm. Germann and Di Pietro (1996) introduced the principle of gravity-driven and viscosity-balanced fl ow in permeable media. It is based on the notion that water fl ows along paths with the least loss of momentum and attains a constant velocity. Germann et al. (2007) introduced a rivulet approach to infi ltration under the consideration of free-surface fl ow that is summarized with the following expressions. Th e Appendix presents the derivation of the pertinent expressions.
Water Content Wave Approach to Infi ltra on
Th e thickness F (m) of the mobile water fi lm is exclusively a function of the fl ow velocity, while the fi lm's specifi c contact length L (m m −2 ) with the resting parts per unit horizontal area A (m  ) of the medium also depends on the mobile water content w (m 3 m −3 ). Th e mobile water content amounts to ( )
and the velocity of the wetting front v W (m s −1 ) becomes
where g (= 9.81 m s −2 ) is acceleration due to gravity and η (= 10 −6 m 2 s −1 ) is the water's kinematic viscosity. ( )
( )
where the positive z direction is vertically downward. [Note that Eq.
[8] follows from recognizing that
A wetting front is released at the surface, z = 0, at t = 0 that moves with the velocity of
Th e wetting front arrives at z at time
Th e end of infi ltration at t S releases a draining front at the surface that moves with the velocity of v D = dq/dw = 3v W (see Appendix for details). Th e draining front arrives at z at
A concave trailing wave evolves beyond t D (z) that is given as
Th e WCW approach to infi ltration, Eq. [1-13], is linear and discontinuous, while the wetting front moves as a sharp shock, i.e., dθ/dt → ∞ (Hincapié and Germann, 2009a) . Figure 1 illustrates a WCW, θ(z,t), that was deduced from a neutron radiograph at depth z = 57 mm. Th e WCW rides over the initial water content θ ini , it reaches a maximum water content θ max , and drains to its fi nal water content, θ*. Th e amplitude w S of the WCW is the diff erence of θ max − θ*.Th e wetting and draining fronts of the entire WCW arrive at a particular depth z at t W (z) and t D (z), respectively. Th is and previously measured WCWs, however, show a more gradual increase of the water content between the arrival of the wetting front at t W (z) and the arrival of the peak at t P (z). Germann et al. (2007) interpreted the gradual increase as wetting fronts of separate rivulet ensembles that move with individual velocities. Similarly, Selker et al. (1992) reported variations of wetting front velocities among individual fi ngers that moved under the same fl ow regime. More recently, Hincapié and Germann (2009a) concluded that gradual water content increases are caused by local water abstraction from the WCW to smaller and previously air-fi lled pores due to capillary gradients. Th e minimum depth range attributed to abstraction was 0.3 m, however, which already exceeds the depth range of our observations. Th us, we pursued the rivulet approach of Germann et al. (2007 
Superimposing the trailing waves of N RE rivulet ensembles results in the WCW's trailing wave at depth z as
where the integer is in the range of 1 ≤ j ≤N RE , and F j follows from v W,j (Eq.
[4]). Th e deconvolution of measured WCWs into rivulet ensembles is demonstrated below. Th e temporal and two-dimensional distributions of volumetric water contents in the sand samples obtained from neutron radiography allow us to elucidate in detail the suitability of the WCW approach vis-à-vis the spatial heterogeneity of wetting and draining in the scale range from the 0.27 mm of the pixels to the 0.2 m of the sand boxes.
Materials and Methods

Sand, Sample Holders, and Irriga on-Drainage System
Th e grain size fractions of the sands packed into the sample holders were fi ne (sieved to particles with radii Ø < 0.2 mm, with bulk density and porosity of ρ b = 1.52 Mg m −3 and ε = 0.43 m 3 m −3 , respectively, when assuming a particle density . Th e aluminum sample holders with vertical and horizontal dimensions of 0.4 and 0.2 m, respectively, were either 5 or 10 mm thick, with volumes of either 0.4 or 0.8 L. Th e supporting mesh at the bottom of the sample holders permitted free drainage into the atmosphere. Th e irrigation-drainage system consisted of a stainless steel sprinkler (10 tube outlets with i.d. of 0.2 mm), a pump supplying water to the outlets, and a balance that continuously weighed cumulative drainage fl ow. Th e sample holder and balance were mounted on a shifting table that allowed vertical positioning of the setup in the neutron beam.
Neutron Radiography
Time series of 2-d distributions of volumetric water contents θ(x,z,t) were recorded with the thermal neutron radiography facility NEUTRA at the Paul Scherrer Institute, similar to Lehmann et al. (2006) . Neutron radiography is a nondestructive technique that is highly sensitive to water (Pleinert and Lehmann, 1997) due to the high neutron scattering probability of H (Sears, 1992) . Th e NEUTRA produces an almost perfectly parallel neutron beam. Th e sample to be investigated is placed in the beam, and the scintillator plate behind the sample records the intensity of the transmitted neutron fl ux (Carminati, 2007; Carminati et al., 2007) . Th e maximum extent of the region of interest (ROI) that can be radiographed simultaneously is 272 by 272 mm, hence the need for the vertically shifting table for composing radiographs from the entire 400-mm-long sample holder. Th e scintillator plate records 10 6 pixels with dimensions of 0.272 by 0.272 mm in the horizontal and vertical x and z directions. Exposition time of the scintillator plate to the neutron beam was 2 s.
Processing of Radiograph Data
Some collateral eff ects require correction. Depending on the material composition and sample thickness, neutrons can be absorbed, can be scattered within the sample, or can pass unhampered through it. Moreover, polyenergetic neutron beams, background scattering, and the energy-dependent crosssection of the detector also need to be considered. Th e following eff ects need correction: detector-specifi c eff ects, median fi ltering, background scattering, sample scattering, spectral eff ects, intensity corrections, and fl at-fi eld corrections. We corrected these eff ects with Hassanein's (2006) algorithm Quantitative Neutron Imaging (QNI). Th e corrections provide a transmission image of a 2-d pixel matrix that relates the transmitted neutron beam intensity behind the sample with the incident beam intensity at its front.
F . 1. Parameters and variables of a water-content wave from Exp. 2: pre-wet medium sand at depth z = 57 mm; θ ini , θ max , and θ* are the ini al, maximum, and fi nal water contents; amplitude w S = θ max − θ* and maximum amplitude w max = θ max − θ ini ; me t W is the arrival of the we ng front (i.e., fi rst signifi cant increase of the water content at 100 s), t P is the me of a aining steady water content, t S (= 600 s) is the end of water input to the surface, and t D (= 633 s) is the arrival of the drainage front; Δθ/Δt indicates the linear regression line of the water content increase during t W ≤ t ≤ t P .
Transmission of a monoenergetic narrow neutron beam, after being corrected for neutron scattering, follows the basic law of radiation attenuation through matter, i.e.,
where I and I 0 represent the transmitted and incident neutron fl ux [L −2 T −1 ], while d(x,y) (mm) is the sample thickness at (x,z), and Σ eff (mm −1 ) is the eff ective linear attenuation coeffi cient, i.e., the probability density for a collision between neutrons and atoms. Transmission is defi ned as
Attenuation coeffi cients for various materials are readily available in the QNI software.
Two-Dimensional Water Content Distribu ons from a Radiograph
Th e separation of neutron attenuation of water (our target of measurements) from all the other neutron attenuating processes (background attenuation) requires reference measurements across dry samples before irrigation according to
where 
where Σ H2O (= 0.362 mm −1 ) is the attenuation coeffi cient of water and d H2O is the looked-for equivalent thickness of water in the horizontal y direction parallel to the neutron beam, i.e.,
where T net = (T wet /T dry ). Th e water volume in each pixel area becomes
where the pixel area, pxA, is 7.4 × 10 −2 mm 2 (i.e., 0.272 by 0.272 mm). Th e conversion from transmission values to volumetric water contents for all the ROI pixels was done according to Vontobel (2007) .
Recognizing the noise level of the dry pixels (Lehmann et al., 2006) , we defi ned any T net (x,z) > 10 −4 as a moist pixel. In our case, the ROI measured 1026 pixels (279 mm) in the vertical z direction and 735 pixels (200 mm) in the horizontal x direction. Data reduction was done by averaging six pixels in the horizontal direction, yielding 123 columns and 1026 rows, a total of 126,198 V H2O (x,z) values for each radiograph. Finally, the volumetric water content (m 3 m −3 ) in one row of pixels was
where the row volumes V Row were 272 and 544 mm 3 for the samples with thickness of 5 and 10 mm, respectively.
Experiments
Irrigation experiments and corresponding monitoring with radiographs were performed using air-dry and pre-wet sand samples according to Table 1 . Th e sample holders were weighed before and after sprinkler irrigation. Water input lasted 600 s. About 200 radiographs at intervals of 25 s were recorded during each experiment.
Data Presenta on Radiographs
Because the ROI's vertical distance was limited to 270 mm, the sample had to be moved vertically about 150 mm to obtain pictures of the entire sample, and one frame was usually lost during repositioning.
Th e radiographs revealed patterns of θ(x,z,t). Figure 2 illustrates a time series of the infi ltration-drainage experiments. Capillary fringes evolved shortly after the wetting fronts hit the bottom. Th e heights h F of the capillary fringes ranged from 90 to 230 mm, as indicated in Fig. 2 . Some poorly wetted areas remained in the medium and coarse sand until the end of the experiments. Th e draining fronts followed the paths of the wetting fronts. Th e wetting front in fi ne sand (Fig. 2a) portrays a smooth wave with very fi ne fringes. Spatial distributions of the sand's bulk density appear behind the draining front. In the medium sand (Fig. 2b) , the wetting front broke up early and fi ngers formed. Infi ltration into the coarse sand (Fig. 2c) was exclusively fi nger shaped.
Water Balance from Radiograph Data
We assessed the accuracy of the measurements from water balance calculations. Th e total volume of water stored in the sample (m 3 ) follows from its weighing before and after experiments:
where W end and W begin (kg) are the weights of the sample plus the sample holder at the end and the beginning of the experiments and ρ H2O (= 1.0 Mg m −3 ) is the density of water. We consider S 1 as the reference for further comparisons. We assessed the accuracy of the volumetric water content changes that resulted from neutron radiography according to 
where the spatial steps were Δx = 1.63 mm (i.e., six pixels) and Δz = 0.272 mm. Th e diff erences S 1 − S 2 for the thin samples were 8200 mm 3 for fi ne sand, 360 mm 3 for medium sand, and 450 mm 3 for coarse sand, i.e., 1.02, 1. 
Veloci es of We ng Fronts
Th e velocity v W of a wetting front follows from Eq. [11] . It is experimentally defi ned as the depth z divided by the time elapsed from the beginning of sprinkling at t = 0 to the fi rst significant water content increase at t W (z):
Th e wetting front velocities were in the range of 0.01 ≤ v W ≤ 1.5 mm s −1 (Table 2 ) and in the range that Germann and Hensel (2006) reported from fi eld soils.
Water-Content Waves
Time series of θ(z,t) were acquired in layers that were 200 mm long and either 5 or 10 mm thick in the horizontal x and y directions and that were 0.272 mm deep (i.e., one pixel) in the vertical z direction. No suitable θ(z,t) series beyond z ≥ 160 mm were obtained because of the capillary fringe h F of about 140 mm (Fig.  2) . (Th e z axis is vertically downward and z = 0 corresponds with the surface). Th us, each infi ltration experiment yielded a total of 160 mm/0.272 = 588 time series, and those at depths 0.272, 57, and 140 mm were selected for further analyses, as shown in Fig. 3 and 4 .
Each θ(z,t) series was based on Eq.
[22] and it was converted to a WCW according to the procedure illustrated in Fig. 1 . Th e sands were dry before the fi rst infi ltrations, and the radiographs yielded in most cases θ ini ≤ 0.01 m 3 m −3 with a maximum of θ ini = 0.032 m 3 m −3 . Th e maximum water contents, θ max , exceeded θ ini by factors of 10 to 30. Th e time lapse for the water con- T 2. Parameters of the me series of water-content wave (WCW) θ(z,t): θ ini , θ max , and θ* are the ini al, maximum, and fi nal volumetric water contents; amplitude of the WCW w S = θ max − θ*; t P (z) is the arrival me of the we ng front; t W (z) is the me of a aining steady water content; v W is the velocity of the we ng front (depth 0.272 mm was excluded); CV = s[θ x (z,t)]/ ( , )
x z t θ , where s is the standard devia on and CV max is the maximum CV.
Exp.
Depth tents to increase from θ ini to θ max was in the range of 25 < [t P (z) − t W (z)] ≤ 550 s. Water-content waves in the fi ne sand showed a simultaneous and atypical sharp decline of the trailing waves at all three depths (Fig. 4a) . Th is is an experimental artifact due to the abrupt change in the vertical position of the supporting table at t = 600 s. Th erefore, we interpreted the fi ne-sand data selectively.
Water Content Increase Rate from We ng Front Arrival to Peak Water Content
In theory, WCWs move with sharp wetting shock fronts, i.e., dθ/dt → ∞ during t W ≤ t ≤ t P . Most observed WCWs exhibit more gradual increases, however, that are usually well represented with linear regressions, as indicated in Fig. 1 . Th e deviations of observed from theoretical increases are ascribed to local water abstraction from the WCW into fi ner, previously unsaturated pores. Table 3 compiles the slopes Δθ/Δt and the coeffi cients of determination, R 2 , of linear regressions of water content vs. time during t W ≤ t ≤ t P .
Coeffi cients of Varia on
Th e standard deviation s[θ x (z,t)] and the CV = s[θ x (z,t)]/ ( , )
x z t θ characterize the heterogeneity within the WCW at z and t. Table 2 compiles the characteristic parameters of the remaining three WCWs, i.e., θ ini , θ max , θ*, v W , and the maximum CV (CV max ) for the medium and coarse sands. Table 2 indicates that CV max is largest in the coarse sand (CV max > 3), followed by the medium sand under air-dry condition (CV max < 2.8), and smallest in the pre-wet medium sand (CV max < 1.2). Figure 5 compares the CV evolution in the air-dry and prewet medium sand in small and large layers with Δz of 0.272 and ?60 mm, respectively. (Note that only data from the medium sand are available under air-dry and pre-wet conditions.) Th e thinner layer in the dry sand shows the highest CV at the beginning of the experiment and a fast decrease, i.e., 0.3 ≤ CV ≤ 2.3, followed by the dry sand in the thicker layer. Higher initial water contents and thicker layers tend to decrease CV markedly. Th e decrease of CV from air-dry to pre-wet initial conditions is interpreted as a decrease in the local water abstraction rate (i.e., water losses from the WCW into smaller but unsaturated pores) due to capillary gradients (Hincapié and Germann, 2009a) . Abstraction is more intense and erratic under dry antecedent conditions, thus increasing the local heterogeneity of water distribution. Th e decrease in the CV from thinner to thicker layers indicates that heterogeneities of wetting occur at the small scale of a few pixels (i.e., pores), and that water content distributions get smoother when thicker layers are considered.
Results and Discussion
Average Veloci es of We ng Fronts 
Water Content Increases
In theory, the water content increases of θ(z,t) during t W (z) ≤ t ≤ t P (z) are infinite (i.e., the discontinuous shock front of the WCW). Th e examples in Table 3 are in the range of 2.2 × 10 −4 ≤ (Δθ/Δt) ≤ 3.3 × 10 −3 s −1 , however, which indicates water abstraction from the WCW into fi ner pores that were not water saturated before the passing of the wave. Th e rates of water abstraction are very low when compared with the examples that Hincapié and Germann (2009a) presented for infi ltration into soils.
Th e water content increases Δθ/Δt are poorly related with z, resulting in R 2 values of 0.002, 0.6, and 0.4 for the fi ne, medium, and coarse sands. Th us, water abstraction from WCWs leading to Δθ/Δt is a local process that is not a function of z. Figure 7 depicts an example at the 57-mm depth of a WCW simulation by superimposing rivulet ensembles (Exp. 2, medium sand, pre-wet condition). Th e total number of rivulet ensembles is N RE = (t P − t W )/ Δt RE , where Δt RE = 25 s coincides with the interval of NEUTRA measurements, i.e., information of each neutron-radiograph frame was used to compute the parameters of an ensemble. Th e arrival time of the wetting front of the jth ensemble (0 < j ≤ N RE ) was t W,j = t W,1 + (j − 1)Δt RE . Th e ensembles' wetting front velocities v W,j and fi lm thicknesses F j followed from Eq. [25] and [4] . Th e amplitudes w S,j of the individual rivulets in the ensemble were deduced from the water content increase during the interval from t W,j, to t W,j+1 . Th e contact lengths L j followed from w j and F j (Eq. [1]).Th us, the superimposed trailing wave (Eq. [15]) serves as an objective function that was compared with the measured trailing wave. Figure 8 (upper row) shows the quality of matching between the modeled and observed trailing waves. Matching improved from air-dry coarse sand (Fig.  8e) to air-dry medium sand ( Fig. 8a and  8c ) to pre-wet medium sand ( Fig. 8b and  8d ) (no data of trailing waves are available from pre-wet coarse sand or from the fi ne sand). Agreements were best when the initial water contents were close to the fi nal water contents, i.e., θ* ? θ ini , and the maximum CV values were <0.75 (lower row of Fig. 8) . Th e water contents of the trailing waves were underestimated when θ* >> θ ini and the maximum CV values were between 2.3 and 3. Th e greater θ* − θ ini , the more water was abstracted from the WCW during its passing at the particular depth. Because prediction of the trailing waves depends on information of the WCW's increasing limbs, we expect the deviation between the model and the data to increase with increasing θ* − θ ini . Moreover, the CV is a measure of the heterogeneity of water content distributions. Its distinct increase with increasing θ* − θ ini qualitatively supports the preceding statement.
Applica on of the Water-Content Wave Approach
Th e CV(t) indicates the spatial heterogeneity of θ(x,t) at z during the passing of the WCW. Figure 5 indicates distinct maxima of CV(t) that were attained before or at t P , as Fig. 8b illustrates. Th e maxima were higher under air-dry than pre-wet conditions. We think that the magnitude of CV expresses the strength of local and temporally variable processes that are not included in the WCW approach (Eq. [1-15]). We hypothesize that water abstraction from the WCW into previously air-fi lled pores is the dominant local process impacting the CV.
T 3. Maximum water content (θ max ), water content increase (Δθ/Δt), the coeffi cient of determina on (R 2 ) from we ng front arrival to steady water content, and the correla on coeffi cient (R) of (Δθ/Δt) vs. CV. F . 5. Coeffi cients of varia on vs. me in wet and dry medium sand (Exp. 2) in layers of 0.27-and 60-mm thickness and depths of 0.27 and 62 mm; t P is the me of a aining steady water content, t S is the end of water input to the surface.
F . 6. Arrival mes of we ng fronts vs. depth in fi ne (Exp. 1), medium (Exp. 2), and coarse sand (Exp. 3).
Th e theoretical WCW approach does not include abstraction during t W ≤ t ≤ t P , i.e., Δθ/Δt → ∞, while the observed fi nite slopes Δθ/Δt (Table 3) indicate water abstraction from WCWs into finer pores due to local gradients of capillary potentials. Th erefore, we correlated Δθ/Δt vs. CV max , and the linear correlation coeffi cients R are compiled in Table 3 . Each of the four data sets yielded just three pairs of Δθ/Δt vs. CV max data. Th us, the R values in Table 3 may serve as indicators. Th ey are negative with the exception of the air-dry fi ne-sand experiment (where the variation in Δθ/Δt was small). Th e negative R values for the remaining three experiments indicate the correlation of increasing CV values with increasing water abstractions that themselves are expressed as decreases of Δθ/Δt; however, neither combining the data of the two experiments in medium sand nor combining the data of the two air-dry experiments yielded signifi cant R values. Th is demonstrates that abstraction depends on the porous medium and its antecedent water content. Th ese exploratory considerations justify further research.
Film Thickness, Contact Length, and Flow Stability
Equations [1] [2] [3] demonstrate that fi lm thickness F and contact length L are basic fl ow parameters. Th e value of F amounted to 12.7, 13, and 15.6 μm in the fi ne, medium, and coarse sands, respectively, while L was 22,500, 17,400, and 7900 m m −2 , respectively. Th e value of F tends to increase with pore size, while L tends to decrease; however, the unequal infi ltration rates do not allow further elucidations. Stable fl ow is assumed when the Reynolds number (Re) is <3, i.e.,
In our case, the ranges for the three types of sand were 2.85 × 10 −3 < Re < 1.13 × 10 −2 for the fi ne sand, 6.36 × 10 −3 < Re < 1.54 × 10 −2 for the medium sand, and 2.12 × 10 −3 < Re < 3.33 × F . 7. Superposi on of seven rivulet ensembles. Arrival mes and amplitudes of the rivulet ensembles were deduced from data of the increasing limb and applied to the predic on of the trailing wave of each rivulet ensemble, Eq. [11] [12] [13] . The ensembles are superimposed to yield the modeled trailing wave of the watercontent wave (purple line, Eq.
[15]), which compares well with the data.
F . 8. Simulated and observed trailing water-content waves (WCWs) (upper), and related CVs (lower) at 57-mm depth: (a and b) Exp. 2, medium sand, air-dry and pre-wet condi ons; (c and d) Exp. 5, medium sand, air-dry and pre-wet condi ons; (e) Exp. 6, coarse sand, air-dry condi on.
10 −2 for the coarse sand, indicating that all fl ows were stable and fulfi lled the basic assumption underpinning Eq. [1-5].
Summary and Conclusions
Infi ltration and subsequent drainage fl ows in unsaturated fi ne, medium, and coarse sands were approached with WCWs. A WCW is initiated by a pulse of water input and it is characterized by the amplitude, a steady period, and the declining trailing wave. We applied the WCW approach to time series of volumetric water contents that were due to sprinkler infi ltration in sand box models. Th e time series were deduced from neutron radiographs that recorded patterns of water content distributions every 25 s for 2 d in pixels of 0.272 by 0.272 mm.
Water balance estimations demonstrated that WCWs can be determined from neutron radiographs with adequate precision. From Eq.
[23] and [24] , a maximum uncertainty of the water balance of 2% was determined, thus allowing the data to be analyzed quantitatively. Th e Reynolds numbers (Eq. [26]) were << 3, indicating stable fl ows and the applicability of the basic assumptions of the WCW approach. Moreover, constant wetting front velocities strongly support force balance during fl ow, i.e., viscous forces balancing gravity.
A total of 588 WCWs were acquired from each infi ltrationdrainage experiment to a depth of 160 mm where the capillary fringes began with their maximal extents of about 230 mm from the sample bottoms. Hydraulic properties in a capillary fringe may alter markedly with respect to the unsaturated zone above it, and we excluded the fringes from the WCW domain. Water-content waves from layers at depths of 0.272, 57, and 140 mm were selected for further analyses, and the WCW approach applied well to pre-wet medium sand layers as thin as 0.272 mm.
Th e velocities of the wetting fronts, v W , were in the range of those reported by Kung et al. (2005) and by Germann and Hensel (2006) . Th e CVs of water contents across one layer of 200-mm width, 5 or 10 mm thick, and 0.272 mm deep measure the heterogeneity of the water content distributions. Th e maximum CV(z,t) appeared between the arrivals of fi rst wetting, t W (z), and the peak water content at t P (z), indicating uncertainties when further interpreting wetting fronts. In contrast, the reduced CVs during drainage favor trailing wave information for advanced interpretations. In particular, heterogeneous water content distributions, as shown in the radiographs of Fig. 2 , are no obstacles to the application of the WCW approach.
Experiments in air-dry sand showed relatively small Δθ/Δt and large CVs. Th is is refl ected in the poor matching of simulated vs. measured trailing waves. Hence, matching between data and WCWs is best in pre-wet sand, which showed the largest Δθ/Δt (i.e., comparatively little water abstraction from the WCW), the smallest CV, and small θ ini − θ*. We found that CVs of layers with a depth of about 60 mm were considerably reduced compared with CVs from 0.272-mm layers.
We addressed water abstraction from the WCW to fi ner and previously air-fi lled pores, i.e., water sorption due to capillary gradients. Th e experiments in medium sand suggest that pre-wetting of the samples during the fi rst infi ltration-drainage cycles suffi ced to precondition the sand such that the subsequent experiments obeyed the WCW approach; however, more research has to be dedicated to elucidating the role of antecedent water content related to the performance of the WCW approach.
Th e approach applied to horizontal rows of pixels that were 200 mm wide, either 5 or 10 mm thick, but only 0.272 mm deep. It also applied to infi ltration-drainage experiments in a sand tank that was 2 m deep (Germann and al Hagrey, 2008) , and the constant wetting front velocities of Ofer et al. (2008) and Ochoa et al. (2009) indicate its applicability to depths between 3 and 5 m. Th us, the relative depths of the applicability of the WCW approach range from 1 to about 20,000, indicating its versatility. Moreover, the specifi c contact length L (m m −2 ) is actually the vertical area per unit volume of the medium (m 2 m −3 ) onto which momentum dissipates. Th is specifi c area is considered to be involved in the exchange not only of momentum but also of heat, particles, and solutes between the mobile water and the stationary parts of the permeable medium. Exploring exchange processes in view of the specifi c contact length may open new aspects of transport in permeable media at various length scales.
Appendix: Basics of Free-Surface Flow
Th e physical concept that underpins the WCW approach is based on vertical free-surface fl ow as schematically illustrated in Fig. A1 .
In a particular porous medium, the parameters F and ℓ adjust freely to the rate of infi ltration in the range of 0 < q S ≤ k sat (m s −1 ), where k sat is the medium's hydraulic conductivity at saturation. Th e balance between gravitational and viscous forces in the water lamina at a distance f (m) from the solid wall (N) is expressed as
F . A1. Defi ni on sketch of free-surface fl ow: ℓ is the contact length between the mobile water and the sta onary parts of the soil-water-air system; F is the fi lm thickness and f and df are its variable and diff eren al; dv/df < 0 is the velocity decrease toward the sta onary interface; z W (t) is the depth of the moving wetng front; v(f) is the velocity of the lamina at distance f from the interface; and G is the weight of the water fi lm with thickness F − f (Germann et al., 2007) .
where f (m) is the thickness variable (0 ≤ f ≤ F) of the water fi lm, z W (t) (m) is the progressing depth of the fi lm's wetting front (z direction positive downward), v(f) (m s −1 ) is the velocity at f, g (= 9.81 m s −2 ) is acceleration due to gravity, and ρ (= 1000 kg m −3 ) and η (= 10 −6 m 2 s −1 ) are the density and kinematic viscosity of water. Equation 
where L = (ℓ/A) (m m −2 ) is the specifi c contact length, and A (m 2 ) is the macroscopic horizontal cross-sectional area of the permeable medium. Th e specifi c surface [Lz W (t)] is the vertical area per unit volume of the permeable medium onto which momentum dissipates. Mobile water content becomes ( )
Th e velocity of the wetting front follows from the volume balance and amounts to ( ) ( ) ( )
Th e cessation of input to the surface at time t = t S cuts off fl ow and releases at once the back ends of the laminae, which start to glide one over the other. Th eir velocities decrease with decreasing f according to Eq. [A2]. Disintegration of the fi lm is the reverse eff ect of Eq.
[A1] and [A2], and it results in the formation of a trailing wave. Th e fraction of the volume fl ux density, dq, and the water content (Ldf) are the two properties of a particular lamina at an arbitrary distance f that envelops the corresponding water content (Lf), while 0 ≤ f ≤ F at t S . Th e velocity of the back end of a particular lamina follows from the volume balance requirement as
Rearranging the right side of Eq.
[A6] leads to the temporal position of the fi lm thickness (F T ) of the trailing wave as
Th e back end of the outermost lamina at F T = F that envelops w = LF moves the fastest as the leading edge of the fi lm. Th is edge is called the fi lm's draining front, which moves with a velocity of
Th e faster moving draining front will eventually intercept the slower moving wetting front at time and depth t I and z I . Th e early part of the WCW in the time interval of 0 ≤ t ≤ t I is now considered. Th e position of the wetting front is z W (t) = tv W . Conversely, the wetting front arrives at a particular depth at time t W (z) = z/v W . Th e position of the draining front is z D (t) = (t − t S )v D , while the draining front arrives at a particular depth at time t D (z) = t S + z/v D . Th e mobile water content is constant at [FL] between the wetting front and the draining front. A trailing wave evolves after the passing of the draining front at z D (t). Th e mobile water content of the WCW in the section 0 ≤ z ≤ z I is defi ned as ( ) 
